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ABSTRACT

Adherence of bacteria to cantaloupe rind is favored by surface irregularities such as roughness, crevices, and pits, thus
reducing the ability of washing or sanitizer treatments to remove or inactivate attached cells. In this study, we compared the
surface charge and hydrophobicity of two cantaloupe-related outbreak strains of Salmonella Poona (RM2350 and G-91-1595)
to those of 14 additional Salmonella strains using electrostatic and hydrophobic interaction chromatography. The relative
abilities of the 16 strains to attach to cantaloupe surfaces and resist removal by washing with water, chlorine (200 ppm), or
hydrogen peroxide (2.5%) for 5 min after a storage period of up to 7 days at 5 to 20°C also were determined. Whole cantaloupes
were inoculated with each pathogen at 8.36 log CFU/ml, dried for 1 h inside a biosafety cabinet, stored, and then subjected
to the washing treatments. Ouly the positive surface charge of the two cantaloupe-related strains of Salmonella Poona was
significantly higher (P < 0.05) than that of the other strains. Initial bacterial attachment to cantaloupe surfaces ranged from
3.68 to 4.56 log CFU/cm? (highest values for Salmonella Michigan, Newport, Oranienburg, and Mbandaka). The average
percentage of the total bacterial population strongly attached to the cantaloupe surface for the Salmonella serovars studied
ranged from 0.893 to 0.946 at 5°C and from 0.987 to 0.999 at 25°C. Washing inoculated melons with water did not produce
a significant reduction in the concentration of the pathogens (P > 0.05). Chlorine and hydrogen peroxide treatments caused
an average 3-log reduction when applied 20 to 40 min postinoculation. However, sanitizer treatments applied 60 min or more
postinoculation were less effective (approximately 2.5-log reduction). No significant differences were noted in sanitizer efficacy
against the individual strains (P > 0.05). The two cantaloupe-related outbreak Salmonella Poona strains did not significantly
differ from the other Salmonella strains tested in negative cell surface charge or hydrophobicity, were not more effective in
attaching to whole melon surfaces, and were not more resistant to the various washing treatments when present on rinds.

For most consumers, fresh-cut cantaloupe melon is a
refreshing and healthy dessert or snack. However, outbreaks
of salmonellosis associated with consumption of contami-
nated melons may lead to reductions in sales and consumer
confidence in the safety of the product. Seven melon-related
salmonellosis outbreaks involving hundreds of cases have
been reported since 1990, and pathogen-contaminated do-
mestic and imported melons have been detected (6, 25-28).
Although the largest melon-related outbreaks have been at-
tributed to various Salmonella serotypes (including Sal-
monella Poona), other human pathogens such as Escherich-
ia coli O157:H7, Campylobacter jejuni, and Norwalk-like
virus also have been implicated (9). Salmonellosis out-
breaks in 2000 through 2002 were traced by the U.S. Food
and Drug Administration (FDA) to melons imported from
Mexico. From on-farm investigations conducted in Mexico,
the FDA concluded that “measures were not in place to
minimize microbial contamination in growing, harvesting,
packaging, and cooling of cantaloupe” (28). There is an
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urgent need for improved control strategies for eliminating
or reducing populations of human pathogens on the surfac-
es of minimally processed melons (7).

Several chemical and physical methods have been re-
ported for decontamination of melon before fresh-cut pro-
cessing, but none of these methods eliminates human path-
ogens attached on the melon surface (2, 20, 22-24). The
raised net tissue of whole cantaloupes gives the surface an
inherent roughness that favors microbial attachment and
complicates detachment. Information concerning the ecol-
ogy of human pathogens on melons is lacking. It is not
known whether human pathogens adhere to melon surfaces
via bacterial fimbriac or other bacterial surface components
such as exopolysaccharides nor how quickly the attachment
process occurs. The state of human pathogens on the sur-
faces of fruits and vegetables may have profound implica-
tions for their susceptibility to antimicrobial treatments.
Ukuku and Fett (27) reported that both charge and hydro-
phobicity influence attachment of bacterial pathogen cells
to cantaloupe rind. In that study, the strength of attachment
to the rind was only determined at postinoculation day 0
(at 6 h) and after 3 to 7 days of storage at 4°C. Bacterial
cell surface hydrophobicity was identified as an important
factor in cell attachment and immobilization in the inter-
cellular spaces of soybean leaves (/2). The aims of this
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TABLE 1. Salmonella strains used in this study®

Serovar Strain Origin Source?
Anatum F4317 Sprout-related outbreak A
Gaminara 02-615 Cantaloupe B
Hildalgo 02-517-2 Cantaloupe B
Infantis F4319 Sprout-related outbreak A
Mbandaka 00-916-1 Cantaloupe B
Michigan Cantaloupe-related outbreak C
Newport H1275 Sprout-related outbreak A
Oranienburg 389 Cantaloupe B
Poona RM2350 (CA DHS 00A3563) Cantaloupe-related outbreak D
Poona GO1-1595 Cantaloupe-related outbreak E
Poona 953 Ovine meat and bone meal B
Poona 348 Cantaloupe B
Poona 418 Octopus B
St. Paul 02-517 Cantaloupe B
Stanley HO558 Sprout-related outbreak A
Typhimurium 45 Cantaloupe B

¢ Individual mean inoculum was 8.6 = 0.36 log CFU/ml.

? A, P. Griffin, Centers for Disease Control and Prevention, Atlanta, Ga.; B, D. Farmer, U.S. Food and Drug Administration, Jefferson,
Ark; C, L. R. Beuchat, Center for Food Safety, University of Georgia, Griffin; D, R. Mandrell, ARS Western Regional Research
Center, Albany, N.Y.; E, E T. Leano, Minnesota Department of Health, Minneapolis.

study were (i) to investigate how rapidly Salmonella cells
attach to melon rind, (ii) to determine whether differences
in the ability to attach to cantaloupe surface exist among
Salmonella serovars, including cantaloupe and non-—canta-
loupe-related strains, and (iii) to determine the relationship
between bacterial cell surfaces and hydrophobicity and bac-
terial cell attachment or resistance to washing and sanitizer
treatments.

MATERIALS AND METHODS

Sixteen Salmonella strains representing 12 serovars of vari-
ous origins were used in this study (Table 1). Bacteria were main-
tained on brain heart infusion agar (BBL/Difco, Becton Dickinson,
Sparks, Md.) slants held at 4°C. Before use, each culture was
subjected to two successive transfers by loop inoculation to 5 ml
of brain heart infusion broth (BBL/Difco, Becton Dickinson). A
final transfer of 0.2 m! was made into 20 m! of brain heart infusion
broth, and the culture was incubated at 36°C for 18 h under static
conditions. Bacterial cells were harvested by centrifugation
(10,000 X g for 10 min) at 4°C, and the cell pellets were washed
in salt-peptone (0.85% NaCl and 0.05% Bacto Peptone; BBL/
Difco, Becton Dickinson). Cell pellets were used to prepare two
different types of inoculum. The first inoculum type consisted of
individual bacterial strains at 1.9 X 108 CFU/ml. The second in-
oculum type consisted of a mixture containing five strains of Sal-
monella Poona at approximately 1.4 X 108 CFU/ml per strain,
All inocula were prepared in 3 liters of 0.1% (wt/vol) peptone
water.

Chromatography. Hydrophobic interaction chromatography
(HIC) and electrostatic interaction chromatography (ESIC) col-
umns were prepared according the procedure described by Dahl-
back et al. (8) and Pedersen (/6) with slight modification. The
ESIC columns used were Poly-Prep prefilled chromatography col-
umns chloride form (anionic, AG 1-X 8 Resin, 100 to 200 mess,
0.8 by 4 cm) and hydrogen form (cationic, AG 50-X 8 Resin, 100
to 200 mess, 0.8 by 4 cm; Bio-Rad Laboratories, Hercules, Calif.).
For the HIC, columns were packed with 12 ml of octyl-Sepharose

CL-4B gel (Sigma, St. Louis, Mo.) and equilibrated overnight at
4°C in 18 m! of 0.02 M NaPO, buffer, pH 6.8 (bed volume of
0.8 ml). Chromatography was conducted according to Dickson
and Koohmaraie (//). A sample (0.1 ml) of washed bacterial cell
suspension (1.9 X 108 CFU/ml) for each strain was loaded onto
the surface of the column followed by 0.2 ml of NaPQ, buffer.
The bacterial cell populations in the suspensions added to the
column were determined by standard dilution plating techniques.
Elution of all columns was performed with 12 ml of 0.02 M
NaPO, buffer, pH 6.8, and the eluate was collected. Bacterial pop-
ulations in each eluate sample and in the original suspensions
were determined using xylose lysine tergitol 4 (XLT4) agar (Dif-
co/BBL, Becton Dickinson) and a pour-plate technique. The num-
ber of bacteria bound to the columns was calculated as the dif-
ference between the total cell population in the initial suspension
and in the eluted samples. The relative hydrophobicity was ex-
pressed as g/e and the relative ion values were expressed as rfe,
where g and r represent the number of bacteria retained by the
columns and e represents the numbers eluted. Each strain was
tested three times.

Inoculation of cantaloupe. Unwaxed whole cantaloupes
(Western shippers) purchased from a local produce distributor
were left at room temperature (~20°C) overnight before being
inoculated. Individual cantaloupes were submerged in 3 liters of
each inoculum at ~18°C (a total of two cantaloupes per 3 liters)
and agitated by stirring with a gloved hand for 10 min before
storage (0 to 168 h) at 5 or 25°C for further treatment and micro-
bial studies.

Washing treatments. A commercial bleach solution of
5.25% sodium hypochiorite (NaOCl; Clorox, Clorox Company,
QOakland, Calif.) was diluted in sterile water to obtain a wash so-
lution containing 200 ppm of free chlorine. The pH was adjusted
to 6.4 *= 0.1 by adding citric acid (Sigma). Free chlorine in the
solution was determined with a chlorine test kit (Hach Co., Ames,
Iowa). A second wash solution containing 2.5% hydrogen per-
oxide was prepared from a 30% stock solution of hydrogen per-
oxide (reagent grade, Fisher Scientific, Suwanee, Ga.) by dilution
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with sterilized tap water. Washing treatments were performed by
totally submerging the melons in 3 liters of sterile tap water, 200
ppm chiorine, or 2.5% hydrogen peroxide. Melons were manually
rotated for 5 min to assure complete contact of surfaces with the
wash solution. Washed melons were placed on crystallizing dishes
inside a biosafety cabinet to dry for 1 h.

Attachment study. For the attachment study, inoculated
melons stored for 20 min, 30 min, ! h, 2 h, 6 h, 9 h, 1 day, 3
days, and 7 days were washed with water. The numbers of bac-
terial cells in the wash water and remaining on the melon surfaces
were then determined. The population remaining on the melon
surface after the washing treatment was expressed in terms of the
Sk value, which represents the percentage of the total bacterial
population strongly attached to the cantaloupe surface (remaining
on the surface after washing with water). Sk vaiues were calcu-
lated as the number of strongly attached bacteria divided by the
number of loosely plus strongly attached bacteria, as reported by
Dickson and Koohmaraie (/7).

Sample preparation and enumeration of Salmonella. A
sterilized stainless steel cork borer was used to cut rind plugs at
random locations on the cantaloupe surface to produce 152 plugs
per cantaloupe. Each plug was 22 mm in diameter with a rind
surface area (mwr?) of 3.80 cm?; 72 plugs were randomly selected
and further processed. The flesh adhering to the rind plugs was
trimmed off with a sterilized stainless steel knife. The plugs were
biended at speed five for 1 min in a Waring Blendor with 75 ml
of 0.1% peptone water. Decimal dilutions of the samples were
made with 0.1% peptone water, and 0.1 ml was plated in duplicate
on XLT4 agar and incubated at 35°C for 48 h. For the wash water,
estimates of Salmonella populations in 1-ml samples of wash wa-
ter were obtained using the pour-plate method with XL.T4 agar
incubated at 35°C for 48 h.

Preparation of fresh-cut melon pieces. All utensils and
equipment used for preparing fresh-cut melon pieces were sani-
tized with 200 ppm chlorinated water {prepared from sodium hy-
pochlorite with pH adjusted to 6.4 with citric acid). Treated and
untreated whole melons were cut into four sections with a sterile
knife, and the rinds were carefully removed. Fresh-cut pieces (~3-
cm cubes) from multiple treated melons were pooled, placed in-
side three-pocket Tub Tall plastic bowls (9.75 in. [24.75 cm] in
diameter; Mach 2, Rock-Tenn Company, Franklin Park, IIL.), and
stored at 5, 10, 15, and 20°C. For microbiological analyses, 100
g of fresh-cut cubes were homogenized in 200 mi of 0.1% peptone
water by pummeling in a Stomacher 400 (Dynatech Laboratories,
Alexandria, Va.) for 30 s at medium speed. Samples were serially
diluted and plated as stated above to determine populations of
Salmonella every 2 days for up to 10 days at each storage tem-
perature. For comparison, a pure culture of Salmonella Poona
RM 2350 was plated on XL.T4 agar and evaluated in parallel with
the samples. Selected black or black-centered colonies from the
agar plates were confirmed to be Salmonella according to the FDA
Bacteriological Analytical Manual following conventional bio-
chemical methods (/) and latex agglutination serological assays
(Oxoid, Ogdensburg, N.Y.).

Data analysis. All experiments were done in triplicate, and
duplicate samples were analyzed at each sampling time, Values
are reported as the mean and standard deviation (SD), Data were
subjected to analysis of variance using the Statistical Analysis
System Program (SAS Institute, Cary, N.C.). Differences between
mean values were evaluated for significance (P < 0.05) with the
Bonferroni least significant difference method (/5).

TABLE 2. Cell surface charge and hydrophobicity of 16 Sal-

monella strains?

ESIC charge

Salmonella
sirain Hydrophobicity —rle “+rie

Anatum 0421 £ 0.110 1898 * 0.44 ND
Gaminara 0.419 = 0.103 19.42 = 0.53 ND
Hildalgo 0.428 = 0.121 1795 = 0.35 ND
Infantis 0399 = 0.114 18.98 = 0.23 ND
Mbandaka 0461 = 0,121 47.38 = 0.62 ND
Michigan 0.651 = 0.113 68.45 *+ 1.27 ND
Newport 0.648 + 0.157 63.28 = 1.46 ND
Oranienburg 0448 + 0.109 57.72 = 1.25 ND
Poona G-91-

1595 0.446 = 0.105 35.16 £ 0.36 4.31 = 035
Poona

RM2350 0.633 = 0.163 30.18 = 043 6.29 = 049
Poona 953 0398 = 0.074 27.89 = 0.22 ND
Poona 348 0.456 = 0.115 38.88 * 0.46 ND
Poona 418 0.378 = 0.083 34.19 + 049 ND
St. Paul 02-517 0.356 = 0.086 21.86 = 0.52 ND
Stanley HO558 0495 £ 0.155 1898 = 1.13 2,19 = 0.18
Typhimurium .

045 0441 = 0.133 2272 = 0.72 ND

@ Values are means * SD of three experiments, with duplicate
determinations per experiment. ND, not determined in the eluate.

RESULTS

Relative bacterial cell surface hydrophobicity and
charge. Surface hydrophobicity was variable among the 16
Salmonella strains (Table 2). Salmonella Michigan, Sal-
monella Poona RM2350, and Salmonella Newport strains
had the highest cell surface hydrophobicity (g/e = 0.651,
0.633, and 0.648, respectively) followed by the rest with
gle values averaging 0.42. All of the bacteria tested had
higher negative surface charges than positive surface charg-
es (Table 2). Salmonella Michigan, Salmonella Newport,
and Salmonella Oranienburg had the highest negative sur-
face charges, with r/e values of 68.45, 63.28, and 57.72,
respectively. Only the positive surface charge of the two
cantaloupe-related outbreak strains of Salmonella Poona
were significantly higher (P < 0.05) than those of the other
strains.

Attachment of individual Salmonella strains to can-
taloupe surfaces. The initial populations of individual Sal-
monella strains inoculated onto cantaloupe surfaces ranged
from 3.97 to 4.98 log CFU/cm?. Salmonella Michigan had
the highest initial number of attached bacteria on the melon
surface (4.98 log CFU/cm?), followed by Salmonella St.
Paul (4.67 log CFU/cm?) and Salmonella Newport (4.55
log CFU/cm?). Populations for the rest of the strains ranged
from 3.97 to 4.50 log CFU/cm?.

The Si values for individual Salmonella strains at-
tached on cantaloupe surfaces determined at 30 min to 2 h
after inoculation and after washing with water were not
significantly different (data not shown). The Sg values for
individual Salmonella strains attached on cantaloupe sur-
faces determined at 24 h to 7 days after inoculation, storage
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TABLE 3. Effect of chlorine and hydrogen peroxide on log reduction of Salmonella strains on whole cantaloupe surfaces after storage
of melons at 5°C for 30 min

Salmonella conen (log CFULm?)¢

Salmonella strain Control Water 200 ppm chlorine 2.5% H,0,
Anatum 4.14 £ 021 A 2.16 £ 0.12¢ 3.00 £ 0.198 302+ 0.148
Gaminara 479 £0.20A 2.01 £ 0.18¢ 2.67 = 0.16 B 255 0168
Hildalgo 379 £ 0.19a 2.04 £ 013¢C 300 £ 0158 313 £ 0.158
Infantis 418 £ 024 216 £0.15¢ 300 £ 0.148 321 £0.138
Mbandaka 4.00 = 0224 200 £ 015¢ 258 £ 0.188 270 = 0.158
Michigan 485 = 0.19A 1.62 £ 0.15¢ 204 £0.198 218 £ 0178
Newport 448 = 0154 1.74 = 0.16 C 262 0158 2.64 £ 0.16B
Oranienburg 405 £ 0.16aA 195 £ 0.17¢ 248 = 0.148 257 £ 0.168
Poona G-91-1595 400 £ 0.16a 214 0l4c 3.00 £ 0.12n 300 £ 0.178
Poona RM2350 426 = 0.16A 200 £ 0.18¢ 239 £ 0.188 256 = 0.138
Poona 953 4.00 £ 020 A 204 £ 015¢ 300 £ 0158 3.00 = 0.198
Poona 348 400 = 021 A 204 £ 0.16¢C 3030148 307 £ 0.148
Poona 418 400 £ 017a 201 £ 0.16c 294 = 0168 302 20158
St. Paul 02-517 452 20174 201 £017¢ 274 £ 0138 282+ 0208
Stanley HOS558 416 = 021 A 200 £ 0.16¢c 288 £ 0.148 286 £ 0178
Typhimurium 045 438 = 0.16 A 200 = 0.15¢ 284 £ 0.178 292 £ 0138

“ Values are means + SD of three experiments, with duplicate determinations per experiment. Within each column and each row, means
not followed by the same letter are significantly different (P < 0.05).

at 5 and 25°C, and washing with water also were not sig-
nificantly different (data not shown). Attachment strength
for all cantaloupe-related strains with the exception of Sal-
monella Michigan were not significantly different (P <
0.05) than that for non—cantaloupe-related strains.

Attachment of Salmonella Poona to cantaloupe sur-
faces and sanitizer efficacy. The initial attachment of all
16 Salmonella strains to the surface of cantaloupes stored
at 5°C for 30 min postinoculation is shown in Table 3.
Washing with water within 30 min after inoculation led to
removal of 1.8 log CFU/cm? of the Salmonella Poona cock-
tail from the melon surface. Sanitizer efficacy was not sig-
nificantly different (P > 0.05) when applied at 30 min post-
inoculation to melons stored at 25°C (Table 4). Populations
of all Salmonella strains on surfaces of control cantaloupes
stored at 5°C were slightly lower but were not significantly
different (P > 0.05) (Fig. 1). Regardless of storage tem-
perature (5 or 25°C) or time of water washing treatment,
the Sp values for all Salmonella strains were the same
{0.999) when tested at 20 min or 7 days postinoculation
{data not shown). The Sy values for Salmonella Michigan,
Salmonella St. Paul, and Salmonella Newport were signif-
icantly different (P < 0.05) from those for all the Salmo-
nella Poona strains. However, of the Salmonella Poona
strains, strain 418 from octopus had the highest S values
at 24 h or longer. The Sy values for all Salmonella strains
from the sprout-related outbreak were not significantly dif-
ferent except that for Salmonella Newport. Population re-
duction of Salmonella by sanitizer treatment also was not
significantly different (P > 0.05) between cantaloupe-re-
lated and sprout-related outbreak strains inoculated onto
surfaces of melons stored at 25°C for 120 min (Fig. 2).
Efficacy of sanitizer treatments with chlorine (200 ppm) or
hydrogen peroxide (2.5%) at 40 min after inoculation was

reduced and produced an approximately 3-log reduction in
Salmonella concentrations on the cantaloupe surface. With
longer postinoculation storage, populations gradually de-
creased by 2.5 log CFU/cm? at 24 h (Tables S and 6). Dif-
ferences in efficacy between the two sanitizers were not
significant (P > 0.05). Log reductions for all strains
showed similar trends at 24 h or longer, and by 168 h of
storage populations of Salmonella Michigan, Salmonella
Typhimurium, Salmonella Poona, and Salmonella Newport
were reduced by 2.3 log CFU/cm?.

Transfer of Salmonella Poona to fresh-cut melon
pieces. The populations of a five-strain cocktail of Salmo-
nella Poona on fresh-cut melon pieces prepared from mel-
ons sanitized in 200 ppm chlorine at 2 h or 7 days post-
inoculation and then stored for various times and temper-
atures are shown in Figure 3. No Salmonella was recovered
on fresh-cut melon pieces prepared immediately from mel-
ons sanitized at 2 h and 168 h postinoculation and during
storage at 5°C for 8 and 2 days, respectively. The popula-
tion of Salmonella recovered on fresh-cut pieces was great-
er when inoculated melons were stored longer than 2 h
before sanitizing and processing. Growth was detected ear-
lier on fresh-cut pieces prepared from inoculated melons
held 7 days prior to sanitizing and processing compared
with fresh-cut pieces prepared after 2 h of storage at 5, 10,
15, or 20°C. This finding suggests greater transfer of Sal-
monella from melon surface to fresh-cut pieces with the
longer postinoculation storage time before sanitizer treat-
ment.

DISCUSSION

The outer surface (rind) of a cantaloupe has a variety
of surfaces to which a bacterial cell may bind. The epider-
mal cell surface is ruptured by a meshwork of raised tissue
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TABLE 4. Effect of chlorine and hydrogen peroxide on log reduction of Salmonella strains on whole cantaloupe surfaces after storage
of melons at 25°C for 30 min

Salmonella concn (log CFU/em?)

Salmonella strain Control Water 200 ppm chiorine 2.5% H)O,
Anatum 438 £ 024 A 238 £ 0.22c 319 £ 0.148 322 £ 0.168
Gaminara 498 + 021 A 201 £ 02ic 289 £ 0.188 292 = 0.178
Hildalgo 398 = 021 A 224 £ 0.15¢ 324 £ 0.148 322 £0.198
Infantis 425 = 0.24 A 236 = 0.17c¢ 3.14 £ 0.138 330 2 0.158
Mbandaka 4.13 £ 0314 200 £ 0.15c¢ 2.84 = (0.148 292 0158
Michigan 498 + 0.17 A 1.98 £ 0.19¢ 244 £ 0178 238 £ 0138
Newport 455 £ 0.16 A 2.04 £ 0.13c 284 £ 0.178 288 + 0.15B
Oranienburg 419 2021 a 201 = 014c¢ 264 0168 275 = 0.148
Poona G-91-1595 400 £ 023 A 234 £ 0.14c¢ 314 £ 0148 312+ 0.158
Poona RM2350 449 + 0.19 A 2.00 £ 0.18 ¢ 264 £ 0168 272 £ 0.158
Poona 953 416 = 0.23 A 224 £0.17¢ 322 £0.138 322 £ 0.16B
Poona 348 418 £ 0224 234 + 0l4c 333 £ 0128 327 x 0.16B
Poona 418 428 £ 0204 224 £ 015¢ 324 £ 0148 322 £ 0.198
St. Paul 02-517 468 = 0.14 A 231 +0.12¢ 3.14 £ 0.168 312+ 0218
Stanley H0558 438 £ 0.24 A 228 2 0.15¢ 3.16 £ 0.16B 3.19 £ 0158
Typhimurium 045 452 20194 204 = 013 cC 3.04 £ 0.168B 3.12 £ 0.16B

4 Values are means * SD of three experiments, with duplicate determinations per experiment. Within each column and each row, means
not followed by the same letter are significantly different (P < 0.05).

(the net), which consists of lenticels and phellum (cork)
cells. These cells have hydrophobic suberized walls to re-
duce water loss and protect against pathogen ingress. The
cuticle, which is composed of waxes and cutin, covers the
epidermal cells and is responsible for the hydrophobic na-
ture of the outer surface of the cantaloupe (29). The mech-
anisms of attachment of bacterial cells to plant surfaces
have been studied most extensively for plant pathogens and
symbionts (/7). Flagella, fimbriae, outer membrane pro-
teins, and extracellular polysaccharides have all been im-
plicated in attachment. In contrast, there is little information
available on the attachment of bacterial human pathogens

6 T

to plant surfaces. In this study, the differences in log re-
duction of Salmonella on melons stored at 5 and 25°C could
be attributed to the effect of low-temperature storage, which
may have affected the bacterial outer membrane proteins
and possibly the production of extracellular polysaccha-
rides. Salmonella can produce the extracellular carbohy-
drate polymer cellulose, and cellulose and curli (aggrega-
tive fimbriae), as the two principle components of the ex-
tracellular matrix, are thought to be responsible for biofilm
formation (4, 30). Cellulose production and the presence of
curli may allow for strong attachment of Salmonella cells
to the cantaloupe rind.

Cantaloupe realted strains

8- Water
2 -4 Chiorine (200 ppm}
-4 Hydrogen peroxide {2.5%)

Log,, Reduction (CFU/cm®)

Sprout related straing

FIGURE 1. Efficacy of sanitizing treat-
ments on melons that had been inoculated
with a cocktail of cantaloupe-related (A)
and sprout-related (B) Salmonella strains
and stored at 5°C. Values are mean * SD
of three experiments, with duplicate deter-
minations per experiment.

0 20 40 60 120 [} 20
Time (sec)
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FIGURE 2. Efficacy of sanitizing treat- 6
ments on melons that had been inoculated

with a cocktail of cantaloupe-related (A)

and sprout-related (B) Salmonella strains 5 4
and stored at 25°C. Values are mean * SD
of three experiments, with duplicate deter-
minations per experiment.

Log, Reduction (CFU/em?)
E ]

44 Cantaloupe related strains

Je o -

—&- Water
—&— Chlorine (200 ppm)
—k~ Hydrogen peroxide (2.5%)

Sprout related strains

The greater transfer of bacteria from the surface to the
flesh that occurred when the sanitizer treatment was applied
at 7 days compared with 2 h postinoculation mostly was
due to a lowered efficacy of the sanitizer treatments because
of stronger attachment and possibly biofilm formation of
the pathogens. Previously, we reported a relationship be-
tween cell surface charge or hydrophobicity of Salmonella,
E. coli O15T:H17, and Listeria monocytogenes and the
strength of attachment of these pathogen cells to cantaloupe
rind (26). In that study, we investigated only three serovars
of each pathogen and strength of attachment only on days

40 80 120 0 20 40 60 120
Time (min)

0 (6 h), 3, and 7. In the current study, 16 strains of Sal-
monella representing 12 serovars were investigated to de-
termine how rapidly strength of attachment increases (min-
utes versus hours) and to define the relationship between
strength of attachment and sanitizer efficacy. Five strains
of Salmonella Poona (including three cantaloupe-related
strains) were included because recent outbreaks of salmo-
nellosis due to consumption of contaminated cantaloupe
were associated with this serovar (25, 26). It is difficult to
predict the surface properties of bacterial human pathogens
when the pathogens are first exposed to a plant surface

TABLE 5. Reduction of Salmonella on whole cantaloupe surfaces after storage of melons at 5°C for up to 168 h after treatment with

chlorine (200 ppm, 2 min)

Salmonella concn (log CFU/cm?)*

Salmonella strain 24 h 72h 168 h
Anatum 234 * 0.18 ax 2.38 = 0.14 ax 2.32 + 0.15 Ax
Gaminara 244 = 0.14 Ax 246 * 0.16 AX 242 = 0.16 AY
Hildalgo 2.86 = 0.15 ax 2.79 + 0.14 AX 2.88 = 022 Ay
Infantis 254 * 0.20 ax 2.56 + 0.16 AY 2.52 + 0.15 Ax
Mbandaka 2.50 + 0.14 Ax 2.53 = 0.13 ax 2.48 * 0.16 Ay
Michigan 2.16 = 0.16 BX 2.12 £ 0.15BY 2.08 £ 0.16 BY
Newport 243 *+ 0.128x 246 * 0.20 ax 2.39 += 0.20BY
Oranienburg 250 £ 0.13 ax 249 = 0.13 Ay 253 £ 0.15ay
Poona G-91-1595 263 = 0.15 Ax 2.56 + 0.16 AX 2.38 + 0.20 Ay
Poona RM2350 2.57 £ 0.14 Ax 242 + 0.17 Ax 2.35 £ 0.16 aY
Poona 953 2.65 = 0.16 ax 2.62 *+ 0.14 Ay 2.68 = 0.22 ax
Poona 348 255 = 0.14 ax 253 + 0.15 ax 2.50 £ 0.18 Ay
Poona 418 253 = 0.15ax 2.52 = 0.16 Ax 2.38 = 0.4 BY
St. Paul 02-517 245 * 0.20 ax 240 * 0.20 Ay 238 + 0.15BY
Stanley H0O558 235 = 0.14 ax 2.38 + 0.21 BY 2.32 = 0.18 BY
Typhimurium 045 229 = 0.12BX 2.30 + 0.14 BX 2.19 £ 0.15BY

@ Values are means * SD of three experiments, with duplicate determinations per experiment. Control for each strain averaged 4.20 log
CFU/cm?. In columns (A or B) and rows (X or Y}, means not followed by the same letter are significantly different (P < 0.05).
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TABLE 6. Reduction of Salmonella on whole cantaloupe surfaces after storage of melons at 25°C for up to 168 h after treatment with
chlorine (200 ppm, 2 min)

Salmonella concen (log CFU/cm?)y

Salmonella strain 24 h 72 h 168 h
Anatum 2.84 *+ 0.18 AX 2.66 *+ 0.18 AX 2.74 = 0.18 Ax
Gaminara 2.76 * 0.24 Ax 258 £ 0.17 ax 248 * 0.14 Ay
Hildalgo 316 = 0.18 Ax 2.76 * 0.16 Ax 2.68 * 0.25 Ay
Infantis 2.84 + 0.21 AX 2.54 * 0.16 AY 2.72 = 0.12 Ax
Mbandaka 2.70 £ 0.16 Ax 255 £ 015 ax 240 = 0.19 Ay
Michigan 2.59 + 0.20 Bx 222 + 0.13 BY 2.28 = 0.18 BY
Newport 2.60 = 0.12BX 251 =022 ax 229 = 0.22 BY
Oranienburg 2.83 £ 0.18 ax 2.65 £ 0.13 Ay 2.68 = 0.14 Ay
Poona G-91-1595 288 *+ 0.12 Ax 246 = 0.12 ax 241 £ 022 Ay
Poona RM2350 3.03 £ 0.12 ax 2.72 £ 0.21 Ax 2.54 £ 0.20 Ay
Poona 953 2.87 £ 0.17 ax 2.57 *+ 0.16 AY 2.62 * 0.20 ax
Poona 348 2.85 = 0.15 ax 2.69 *+ 0.12 Ax 249 * 0.15 Ay
Poona 418 2.83 + 0.12 ax 2.62 £ 021 ax 228 = 0.18 BY
St. Paul 02-517 275 = 0.26 ax 248 * 0.23 AY 235 = 0.128Y
Stanley H0558 2.85 £ 0.18 ax 2.31 £ 0.23 BY 2.35 £ 0.18 BY
Typhimurium 045 2.59 = 0.22 BX 2.34 = 0.12 BX 2,29 + 0.16 BY

“ Values are means * SD of three experiments, with duplicate determinations per experiment. Control for each strain averaged 4.70 log
CFU/cm?. In columns (A or B) and rows (X or Y), means not followed by the same letter are significantly different (P < 0.05).

because environmental conditions can significantly affect
bacterial surface properties, including charge and hydro-
phobicity (3, 10, 19). Ukuku and Fett (2/) previously con-
cluded that bacterial cell surface charge and hydrophobicity
appear to be highly correlated with the strength of attach-
ment to the melon surface. According to Fletcher (73}, bac-
terial adhesion occurs in three steps: reversible adsorption,
primary adhesion, and colonization. During the reversible
adsorption phase, the bacterium is more than 50 nm away
from the substratum and is affected by van der Waal inter-
actions with the substratum. According to Buscher et al.
{5}, once bacteria overcome the water barrier and a sepa-
ration distance of less than I nm exists, additional adhesion

factors such as hydrogen bonding, cation bridging, and re-
ceptor-ligand interactions between bacteria and plant sur-
faces become important. At this stage, the bacteria are very
difficult to remove by washing. At the primary adhesion
stage, the distance between the bacteria and the substratum
ranges from 10 to 20 nm, and the type of force affecting
adhesion is electrostatic unless the opposing surface has a
net surface charge, when attractive forces then come into
play. The colonization step is the final phase for firm bac-
terial attachment, and at this point biofilms may be formed
and make killing of bacteria by chemical means difficult.
Liao and Sapers {14) reported rapid attachment of Salmo-
nella to apple tissue and the inability of sanitizer treatment

Fresh-ut pieces from meon
ganitized within 2 h post inoculation

Populations (log,, CFU/g)
w

RSN A
[ 2

Storage time (days)

R7698-7

Frash-ut pieces from meon
sanitized at day 7 post inoculation

Below detection

FIGURE 3. Populations of a five-strain

osc cocktail of Salmonella Poona on fresh-cut
mioC pieces prepared from inoculated canta-
s c loupe sanitized with chlorine (200 ppm) ar
8200 day 0 (A) or day 7 (B} postinoculation.

Fresh-cut pieces were stored at 5 to 20°C
for up to 10 days. Values are mean * SD
of three experiments, with duplicate deter-
minations per experiment. *Below detec-
tion limit (<l CFU/g).
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to inactivate the attached pathogen. Storage at 25°C simu-
lated contamination of cantaloupe under natural conditions
in the field, where production of cellulose and curli by Sal-
monella (4, 30) may allow the bacterium to strongly bind
to the plant surface and become highly resistant to removal
by rain or by washing steps during processing.

Salmonella was not detected in fresh-cut pieces pre-
pared from melon sanitized immediately after inoculation
regardless of the day of sanitizer application to the whole
melons (Fig. 3). However, when fresh-cut pieces were ob-
tained from melons stored at 5, 10, 15, and 20°C for up to
10 days, transferred pathogens were detected in samples
sanitized at 7 days postinoculation, indicating a reduced
ability of chlorine to eliminate the pathogen from the con-
taminated cantaloupe surface after prolonged storage. This
result is consistent with those of earlier studies that revealed
decreased antimicrobial activity of chlorine or hydrogen
peroxide against native bacteria and E. coli on whole can-
taloupe surfaces after storage for 2 days or longer (22).

The results of this study clearly indicate that investi-
gations of antimicrobial activities of sanitizers on contam-
inated melons should factor in storage time and temperature
before applying the treatments because point of contami-
nation is not generally known and in most cases may pre-
cede washing by days or weeks. It is important to maintain
the cold chain after fresh-cut preparation of sanitized fruit
to inhibit the growth of any surviving pathogens transferred
to the fresh-cut pieces and to reduce the risk of enteric
disease. Although Salmonella Michigan (cantaloupe-related
strain) exhibited the strongest attachment at several of the
sampling times, cantaloupe-related strains in general did not
attach more strongly to the cantaloupe rind than did non-
cantaloupe-related strains.
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